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[57] ABSTRACT

A method of producing a multiphase polymer is dis-
closed whereby the phases have the same chemical
structure but-have different morphological states and
thus different properties. This is achieved by forming a
mixture of precursors of the polymer, at least one of the
precursors having a reaction rate higher than the other
precursor or precursors in the mixture. The precursor
having the highest reaction rate is then converted to
obtain a composite of a polymer and the precursors that
are not polymerized. This mixture might also be formed
by mixing a soluble polymer with its precursor. The
polymer/precursor composite is processed to obtain the
structure having different morphological states by ei-
ther choosing the reaction conditions to convert the
unconverted different morphological states by either
choosing the reaction conditions to convert the uncon-
verted precursors such that the obtained polymer dif-
fers in it morphology/ properties from the first obtained
polymer or by applying stress to the composite and then
converting the still unreacted precursor or precursors in
the composite such that different morphological states
are obtained.
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MORPHOLOGICAL COMPOSITE MATERIALS
FORMED FROM DIFFERENT PRECURSORS

DESCRIPTION

1. Technical Field

The technical field to which the invention relates is a
method and a new class of polymer composites pro-
duced by such methods including blends or molecular
composites, which exhibit multiphase structure where
the phases are of the same chemical structure but have
different morphologies such as crystallinity and the like.

2. Prior Art |

Precursor polymers which can be processed because
they are soluble or formable can be converted to their
final polymer form after some pre-processing such as
application, drying, form filling and the like and upon
conversion to the final polymer may be insoluble and
infusible. Blends of two or more polymers can be made
by mechanically mixing the polymers in a high shear
mixer such as a sigma blade mixer or a Banbury mixer
or such blends can be obtained by mixing miscible or
immiscible solutions of the polymers followed by either
drying the solution or co-precipitating the polymers to
obtain a blend of the polymers which in most cases has
mechanical properties which is a compromise of the
properties of each individual property. '

It 1s also known that polyimide blends can be made by
dissolving two or more polyamic acid precursors in a
solvent and subsequently casting films from the solution
and curing the films. The resultant product is more or
less a block co-polymer since the precursors undergo
exchange reactions. True blends cannot be obtained in
this way.

Polymerization processes can be divided into conden-
sation polymernization and addition polymerization
which are also described respectively as, step-reaction
and chain-reaction polymerization. Condensation or
step-reaction polymerization is analogous to condensa-
tion of low molecular weight compounds where two
polyfunctional molecules are reacted to produce one
larger polyfunctional molecule with the possible elimi-
nation of a small molecule such as water. Addition, or
chain-reaction polymerization, utilizes a chain carrier
which may be an ion or a reactive substance with one
unpaired electron, i.e. a free radical. The free radical
can react to open the double bond of a vinyl monomer
and adding to it, with an electron remaining unpaired.
In a relatively short time, many more monomers will be
added successively to the polymer chain.

It 1s known that step-reaction polymers such as poly-
(ethylene terephthalate) filaments can be oriented in a
two-stage drawing process where such orientation in-
creases the crystallinity and significantly improves ten-
stle strength, modulus, heat resistance and gas barrier
properties. (Kirk-Othmer, Encyclopedia of Chemical
Technology, 3rd. Ed., Vol. 18, p. 564).

Knapp et al. U.S. Pat. No. 3,554,935 describes a
method for manufacturing polyimide foams from a mix-
ture of a so-called “A-staged’” polyimide resin and a
“B-staged” polyimide resin admixed with one another
which is heated whereby foaming occurs with the poly-
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merization of the A-staged system. The A-staged prod-

uct comprises a friable molecular dispersion of benzo-
phenone tetracarboxylic acid-diethylester and m-phe-
nylene diamine components whereas the B-staged mate-
nal comprises a equimolar solution mixture of the
diethylester of benzophenone tetracarboxylic acid and
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m-phenylene diamine in N-methyl pyrrolidone which is
heated for two hours at 150° C. to form a precipitate of
polyimide particles which are subsequently cured at
300° C. for four hours. A mixture of the A-staged prod-
uct and the B-staged product is heated in a mold for
several hours at elevated temperatures to produce poly-
imide foams.

Lovejoy, U.S. Pat. No. 4,107,125 describes a poly-
imide polymeric matenial of a cross-linked combination
of two linear aromatic polyimide polymers exhibiting a
retention of physical properties at high temperatures. In
one example base resins are formed from 4,4'-oxydiani-
line (ODA) and 3,3, 4,4'-phenonetetracarboxylic dian-
hydride (BTDA). A 2:1 ODA:BTDA polymer having a
molecular weight of 929 1s combined with a resin based
on 100:103 ODA:BTDA having a molecular weight of
about 16,000, and reacted initially at a temperature of
410° C. and a pressure of 5,000 psi for 20 minutes fol-
lowed by subsequent heating at about 400° C. for about
three hours to complete the molding and effect a cross-
linking reaction.

Yokota et al., Polyimides: Materials, Chemistry and
Characterization, pp. 13-24 describes a method for pre-
paring high modulus, high strength polyimide/polyi-
mide molecular composite films from a first polyamic
acid based on BTDA and phenylene diamine (PDA)

and a second, polyamic acid based on BTDA and 3,3'-
diaminobenzophenone. Solutions of the polyamic acids

were mixed, cast into films, the dried films stretched
after which they were imidized for 250° C. at two hours
in vacuuo followed by annealing at 330° for two hours
in vacuuo. Other polyamic acid blends were also pre-
pared as films in the same manner. BTDA/PDA-
BTDA/DDK films when evaluated by optical micro-
graph exhibit phase separated domains which suggest
that the films stretched over 40% produce mi-
crodomains of each polyamic acid and the phase separa-
tion significantly affects mechanical properties. Compa-
rable, results were obtained for other blends.

Mita et al., Polyimides: Materials, Chemistry and cha-
raterization, pp. 1-12, Elsevier Science Publishers BV
(1989) describe high modulus, high strength polyimides
based on molecular composites of BPDA-PDA po-
lyamic acid blended with BPDA-ODA. The physical
properties of films of these precursors which are con-
verted into mixed polyimides is considerably improved
if the films are stretched before curing.

KEVLAR (Trademark) fibers comprise a polyamide
fiber consisting of an outer layer or skin and a core.
Sometimes these fibers are employed in the electronics
industry as a substitute for glass fiber reinforcement in
Clark Boards, because glass has a high dielectric con-
stant and circuit boards based on epoxy resin/glass fiber
composites have an overall high dielectric constant
resulting in high energy consumption. By substituting
KEVI AR (Trademark) fibers for the glass fibers, these
problems are minimized. High thermal expansion coeffi-
cients which make direct chip attachment difficult is
also remedied to some degree. One of the difficulties
encountered, however, in substituting KEVLAR fibers
for glass in these applications is that the skin and core of
KEVLAR are not well attached. These composites
exhibit mechanical failure such as delamination of the
epoxy resin from the fibers. Accordingly, high strength
fibers which could be substituted for KEVLAR fibers
in these applications would be desirable.
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Accordingly, it is an object of the present invention
to overcome these and other difficulties encountered in
the prior art.

It is the further object of the present invention to
provide a method to convert a precursor polymer mix-
ture which phase separates from other components in
the mixture at some time during polymer processing
and thus forms a subsequent polymer which exhibits a
multiphase structure comprising polymer molecules
having the same chemical structure where the phases
further comprise different morphological states.

It is a further object of the present invention to pro-
vide a method for forming a polymer which exhibits
such a multiphase structure in order to improve the
physical properties of the resulting polymer.

It is also an object of the present invention to provide
a method of forming a polymer which exhibits such a
-multiphase structure having improved tensile strength.

It is a further object of the present invention to form
a polymer which exhibits such a multiphase structure
where said structure is either a film or a fiber having
improved physical properties such as improved tensile
strength |

It is a further object of the present invention to pro-
vide a method of forming a polymer from precursors
that do not undergo exchange reactions to form random
copolymers but to conduct such reaction so that a true
multlphase structure is obtained.

It is a further object of the present invention to pro-
vide a method of forming such a polymer where said
precursors are polyimide precursors, phenolic resin
precursors, epoxy resin precursors or polyurethane
precursors, or polymers which can be considered pre-
cursors because they can be converted through heat,
light or other means into a polymer of different struc-
ture, but especially polyimide precursors.

SUMMARY OF THE INVENTION

These and other objects have been achieved by the
present invention which comprises a novel method for
manufacturing polymers having the same chemical
structure and multiphases where each phase has a differ-
ent morphology. Polymer precursors having different
reaction rates or are blocked during part of the process-
ing are reacted. To specifically improve the ultimate
tensile strength, a stressing force is applied in one or all
reaction steps until the reaction is complete.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention comprises a method of forming
a polymer which exhibits a multiphase structure com-
prising polymer molecules having the same chemical
structure where the phases further comprise different
morphological states. The method of the invention is
especially applicable to forming such polymer mole-
cules having the same chemical structure which com-
prise homopolymers.

In this method, a mixture of precursors of the step
reaction polymer is formed wherein at least one of the
precursors has a reéaction rate higher than the other
precursor or precursors in the mixture.

The precursor having the highest reaction rate is.

reacted to form a composite of a polymer and the un-
converted precursors. To specifically obtain high
strength materials, stress is applied after the first precur-
sor is converted and throughout the conversion of the
next precursor in the composite. The process is repeated
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until all of the precursors in the composite are con-
verted.

In order to take advantage of the different reaction
rates of the various polymer precursors employed ac-
cording to the method of the present invention the
various precursors employed can be reacted or con-
verted at different temperatures in order to shorten the
time for the overall polymerization reaction.

After a mixture of the precursors of the polymer is
obtained, the precursor having the highest reaction rate
is converted to obtain a composite of a polymer and the
precursors that are not reacted. Stress is applied if treat-
ment for high ultimate strength is desired.

The stress applied may be either compressive stress
or tensile stress, the latter being preferred. In any event,
in the preferred embodiment of the invention, the appli-
cation of stress to the converted precursor in the com-
posite is applied along substantially one axis of orienta-
tion especially where the stress comprises tensile stress.
After application of the stress, the reaction is continued
so that the precursor or precursors in the composite that
are not reacted are converted to a polymer or polymers
so that a multiphase structure having different morpho-
logical states is obtained.

The application of stress and the reaction of the un-
converted precursor or precursors in the composite in
one embodiment is conducted at substantially the same
time. Thus, after stress is applied to the composite such
as a stretching force, the unreacted precursor or precur-
sors may be subsequently converted or converted at
substantially the same time that the stress is applied.

Where more than one stress is applied to the compos-
ite, and where the composite contains one or more
precursors that are not converted, the additional stress
can be applied along substantially one axis of orienta-
tion, either parallel to the first axis of stress orientation
or at an angle to it. These two axes of orientation will
either lie in one plane or separate planes where the
separate planes or separate axes are either parallel to
one another or at an angle to one another. When a third
stress is applied along an axis of orientation it may be at
an angle to one or both of the other axes of stress orien-
tation or parallel to them. When all three axes of stress
orientation lie in separate planes, and these planes In
turn are each at an angle to one another such as a right
angle, three dimensional stressing will result. Where all
of the axes of stress orientation lie in the same plane or
parallel planes and two axes or sets of axes are at an
angle to one another the polymer will be biaxially ori-
ented which is advantageous in film applications since
this orientation results in high film strength. It is also
within the scope of the present invention to apply stress
to the composite along multiple (i.e. more than one,
two, three etc.) axes of orientation especially those
lying in the same plane or parallel planes where the
composite contains one or more precursors and espe-
cially two or more precursors.

Where the polymer is in a fiber form, stress orienta-
tion of the polymer molecules along the axis of the fiber
also improves its strength.

Although the inventors do not wish to be limited by
any theory, it is believed that upon curing the first poly-
mer precursor to obtain a composite of a polymer and
the precursor or precursors that are not converted,
domains of one precursor or precursors are embedded
on regions of the polymer and upon the application of
stress such as tensile stress to the polymer, the mole-
cules of the unconverted precursor or precursors are
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aligned and cured. The processes of applying stress and
curing can be repeated until all of the precursor or
precursors in the composite are converted. This results
in a polymer material comprising either a highly or-
dered phase which usually will be highly crystalline
embedded within a less ordered phase which may also
be crystalline, but to a lesser degree or a polymeric
matenal having a plurality of highly ordered phases
such as crystalline phases in a composite form. The ratio
of the phases can be tailored by changing the composi-
tion, the degree of mixing, and the use of block or graft
copolymers, made of different precursors, to the same
polymer. The polymer ultimately obtained is thereby
described as having different morphological states in its
various phases. This type of alignment has been found
to provide a polymer material having improved physi-
cal properties.

Stress-strain measurements were conducted on a
slightly stretched molecular composite produced ac-
cording to the present invention based on the reaction
of a polyamic acid and a polyamic acid ester. The sam-
ple was clamped during cure and the contraction of the
material produces the stress. Two yield points were
observed, 1.e., first one phase yields and then the other.
The ratio of the two phases determines where the yield
points occur. This leads to a tougher material compared
to etther of the polyamic acid ester or the polyamic acid
which are cured without forming the composite be-
cause the second phase reinforces the first phase. The
stress at which the first and second yielding occur de-
pend on the amount of each phase in the composite. The
overall strength of the material was not improved, i.e.
the pure polyamic acid would have a higher modulus
under the same conditions but less elongation whereas
the pure polyamic acid ester upon curing would have a
lower modulus but a higher elongation. The properties
of the composite are somewhere in between with the
added benefit of toughening through the two-phase
structure.

Although the invention is applicable to polymeric
precursors in general, and especially polyimides, it is
also applicable to phenolic resins., epoxy resins, poly-
urethanes or polystyrenes. Thus, in its broadest aspect,
the method of the present invention is applicable to any
polymer that is available in at least one soluble precur-
sor form where the polymer itself is soluble, or at least
two soluble precursor forms if the polymer itself is not
soluble. In the first case, one would have a mixture of a
polymer with its precursor between which phase sepa-
ration is likely. Morphological composites, however,
will only be obtained if under the processing conditions
employed, the components of the composite show dif-
fering properties and morphologies and do not mix fully
in the course of processing. Polystyrenes or other crys-
tallizable polymers can be used if they can in turn be
made into a heat or irradiation convertible precursor.
Composites prepared from polystyrene precursors will
exhibit toughening as will all two phase systems pre-
pared according to the present invention and will result
in a composite which is at least to some degree tougher
than the corresponding one phase system.

The method of the invention is especially suitable for
the manufacture of polyimides having polymer repeat
units with the same chemical structure and different
morphological states.

The polyimides are characterized by the presence of
a phthalimide structure in the polymer backbone and
are conventionally synthesized from dianhydrides and
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diamines to form poly(amic acid)s which are thermally
or chemically cyclized to the polyimide. The intermedi-
ate polyamic acid is generally soluble whereas the cy-
clized polyimide is insoluble. Conventional dianhy-
dnides employed in this respect include, but are not
limited to pyromellitic dianhydride (PMDA) benzophe-
none-2-2',3,3'-tetracarboxylic dianhydride (BTDA),
hexafluoroisopropyliden-2'2-bis (phthalic anhydride) (6
FDA) or BTDA (defined previously herein). Typical
diamines include but are not limited to ODA (defined
previously herein), meta-or para diantline, 4,4'-
diaminodiphenylether; 4,4'-diaminodiphenyl propane
or 4,4'-diaminodiphenylmethane.

When a solution of two polyamic acids based on
PMDA-ODA and BTDA-ODA when cast into a film
and cured undergo exchange reactions to form a ran-
dom copolymer which would have different properties
than obtained for a true blend. In order to avoid this, the
method of the present invention in one embodiment has
been applied to polyimide blends by mixing polyamic
acid and polyamic acid ester solutions. In these mix-
tures, exchange reactions cannot occur and real blends
are obtained. A blend, by definition, must consist of at
least two polymers with differing structures; however,
it is now possible to obtain a true blend from polymers
which have identical chemical structures once con-
verted to the final product.

Two precursors comprising polyamic acid (PAA)
and polyamic acid ethyl ester (PAETE) both based on
PMDA-ODA each will form PMDA-ODA-polyimide’
upon curing. Solutions of these precursors are mixed,
cast into a film, the film dried, to thereby obtain a mate-
rial in which amic acid domains are imbedded in amic
acid ester domains or vice versa depending on the ratios
of PAA to PAETE of these two precursors. Since the
PAA has a faster reaction rate (i.e. it imidizes at lower
temperatures than PAETE), it can be 1imidized first, the
sample stretched and then the PAETE in the sample
imidized so the sample can be fully cured under strain
which leads to highly oriented PMDA-ODA polyimide
domains in a less ordered matrix of the same material.
These materials are composite in phase rather than in
material. It has been found that by the proper process-
ing of these materials, the physical properties are out-
standing and not available by any other means. For
example, this new class of composite materials will have
enhanced moduli and will have enhanced fracture
toughness because of the two phase structure.

These multiphase structures comprising different
morphological states have significant advantages over
conventional composites in which a polyimide fiber is
embedded in the PAETE or PAA because it will be
easier to extrude and process the novel morphological
composite. Further, .the adhesion between phases will
be excellent because of some intermixing of the PAA
and PAETE at the interface. This cannot occur if fully
imidized fibers are used to produce a blend with one or
more precursors. The same intermixing of the PAA and
PAETE can be obtained when a film or thicker article
is made according to the invention.

The various polyimides that may be employed ac-
cording to the invention in addition to those based on
the aforementioned dianhydrides and diamines are dis-
closed and described further by Edwards, U.S. Pat. No.
3,179,614; Lindsey, U.S. Pat. No. 3,361,589; Dunphy et
al.,, U.S. Pat. No. 3,770,573 all of which are incorpo-
rated herein by reference.
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These polyimides are conventionally formed from
polyamic acid e.g. from the partial reaction of the di-
amine and dicarboxylic acid. Other polyimide precur-
sors can be produced by reacting of dicarboxylic anhy-
drides with alcohols, conversion of the corresponding
acid chloride and reaction with diamines. The polyamic
acid esters may also be prepared by any art known
method for esterifying the polyamic acid. Any monohy-
droxy compound may be used to esterify the polyamic
acid such as alkanols having up to about eight carbon
atoms including the various straight chain and branched
chain configurations thereof e.g. methanol, ethanol,
isobutanol, t-butanol and the like. Different esters
would be employed, especially when more than two
precursors are utilized, because longer chain esters will
show more phase separation in a mixture with unesteri-
fied polyamic acid than shorter chain esters. Modifying
the ester therefore allows for tailoring the composite
polyamic acid block co-polymers where the blocks are
two types of precursors for one and the same polymer.

Any other polyimide precursors are useable for the
invention. Some of these are polyamic acid salts with
functionalized or unfunctionalized low molecular
weight amines such as those used in photosensitive
polyimides, nitrophenol esters, isoimides, isocyanates
and the like. Any art or known alternate method for the
preparation of the polyimide precursors and the polyi-
mides may be employed such as those described by
Wilson et al., Polyimides, Chapman & Hall, 1990 and
especially the chapter therein by T. Takekoshi “Other
Synthetic Routes to Polyimides” including the citation
to literature and patents in that chapter all of which is
incorporated herein by reference. The one criterion in
all mixtures of precursors employed according to the
method of the present invention is that they must exhibit
some degree of incompatability for a given precursor
pair after conversion or partial conversion of one to a
more nearly completely polymerized form, and the
precursors are then converted to fully cured polymers
at different reaction rates.

To obtain morphological composites in this case as
well as in the case of any of the other compounds noted
herein and their art known equivalents, there needs to
be some phase separation between the precursors or
between a precursor and an already converted polymer.
Furthermore, if incompatable, the force-producing
phase separation, develops during the reaction of one of
the precursors there then has to be enough mobility in
the system to allow phase separation to occur, or at least
phase separation on a small scale. The precursors are
also selected to take into account this phenomenon as
well.

Morphological composites can also be made from
phenolic resin mixtures employing the method of the
invention where the phenolic hydroxy group in one
resin component has been converted into the corre-
sponding formic acid ester. A low molecular weight
monofunctional organic compound i.e. acids can be
employed in this respect. The formic ester group can be
removed by irradiation at 270nm. Morphological com-
posites are obtained by curing the unprotected phenolic
resin, removing the protection and further cure of the
resulting resin.

The phenolic resins that may be employed in this
regard comprise either the base catalyzed one step reac-
tions of phenol and formaldehyde or various equiva-
lents of phenol such as t-butyl phenol, para-phenyl phe-
nol, cresol, catechol and the like. These resins are well
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known in the art and the methods of curing them are
also well known and well defined. It should be noted
that the two-step resins are generally cured with an
amine curing agent such as hexamethylenetetramine.

Epoxy resins may also be employed such as those
based on the condensations of bis-phenol A or bis-
phenol F with epichlorohydrin and the various art
known epoxy resins which are further described in
Kirk-Othmer, Encyclopedia of Chemical Technology, 3rd
Edition, Vol. 9, pp. 267-290 which is incorporated
herein by reference. These epoxy resins are generally
cured by reacting the oxirane oxygen with polyfunc-
tional curing agents containing reactive hydrogen
atoms such as polyhydroxy compounds, polycarboxylic
acids or polyamines. o

These polyfunctional curing agents can be modifie
so they are completely or partially reacted and the
reacted cunng agent in turn used with an unreacted
curing agent. Both the partially reacted and unreacted
epoxy curing agents, as defined herein, are the polymer
precursors for the cured epoxy resin. Thus, by way of
illustration, a diamine curing agent may be converted
into a monoamide (partially reacted curing agent) by
reacting the amine with a low molecular weight organic
acid such as formic acid or acetic acid by slowly adding
the acid to a stoichiometric excess of the amine at
slightly elevated temperatures. The amine-amide thus
obtained can be mixed with the same diamine (unre-
acted curing agent) starting material and the mixture in
turn can be used to cure an epoxy resin. In the first stage
of cure, the diamine is employed in an amount less than
the stoichiometric quantity required to react with the
epoxy resin so that the diamine would react with some
of the oxirane groups on the epoxy to form a composite
and stress applied after which further curing can be
effected so that the amide would also react with the
oxirane groups. Alternatively, low molecular weight
acids can be reacted with a diamine to form a diamide
and the diamide in turn utilized in polymerizing the
diamine reacted with a stoichiometric excess of the
epoxy resin. High molecular weight diamines are of
particular interest since they impart flexibility to the
epoxy resin such as those based on fatty acids and are
commercially available as Versamid (Trademark)
epoOXy curing agents.

Similar epoxy resin reactions can be effected with
polycarboxylic acid and poly hydroxy curing agents
¢.g. a dicarboxylic acid would be converted to a mono-
or di-ester with a low molecular weight alcohol and a
diol converted to a mono- or di-ester with a low molec-
ular weight acid. These esters or half-esters would then
be mixed with the unreacted acid or diol, as the case
may be, and the mixture reacted with an epoxy resin to
obtain a partially reacted epoxy, stress applied and the
ester or part ester reacted with the remaining epoxy.
Again, as with the acid amide or amide, the half ester or
ester will be described as precursors for the ultimate
polymer that is obtained.

Although in the foregoing examples, the product
produced was described as being processed with the
application of stress, epoxy resins made with the com-
ponents as described herein which contain macroscopic
inhomogeneities (1.e. microcomposites) can be used
without applied stress. These systems with such in-
homogeneities will have increased impact strength due
to the two phase system which may be sufficient so that
the application of stress would not necessarily be re-
quired to obtain a certain acceptable impact strength.
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Any of the other polymers described herein as being
suitable for the practice of the present invention and
their art known equivalents which develop macro-
scopic inhomogeneities could also be employed without
the application of stress due to the increased impact
strength the two phase system would produce.

Polyurethane resins may also be employed in the
method of the present invention and are generally syn-
thesized by the reaction of a polyisocyanate compound
with a polyol.

The polyisocyanates generally employed are the di-
isocyanates such as para-phenyl diisocyanate (PPDI);
1,6-hexamethylenediisocyanate (HDI); polymethylene
polyphenylisocyanate (PMDI); 4,4'-methylene-bis
(phenylisocyanate) (MDI); toluene diisocyanate (TDI):
{a 65:35 mixture of 2,4- and 2,6-TDI]; 1,5-naphthalene
diisocyanate (NDI); bitolylene diisocyanate (TODI):
methylenebis (cyclohexylisocyanate) (Hj; MDI); iso-
phorone diisocyanate (IPDI); HDI-biuret; (obtained by
the treatment of HDI with water); isophorone-based
isomeric trimethylhexamethylene diisocyanates
(TMDI); m-xylene diisocyanate (XDI) and 1,3-bis
(isocyanatomethyl) cyclohexane (HeXDI).

The foregoing isocyanates may be blocked by react-
ing all isocyanate groups with a suitable blocking agent
containing an active hydrogen e.g. caprolactam, ace-
tone oxime or phenol. The blocking agent is removed
by a thermal unblocking process and the blocking agent
thus removed may be incorporated into the polymer if
sufficiently compatible or removed by the application
of a vacuum to the polymer as it is formed. The follow-
Ing 1s a reaction scheme showing the removal of capro-
lactam from caprolactam blocked IPDI:

O
..-—'I']\
HN N
P
0"" .5%
- CH; CHj
CHj (I:H2
HNVN
{ T
O O
NCO
CHj3 CH:NCO 4+ 2
CH; CH3

HN

N
O

More mmportantly, bis(cyclic ureas) are preferred
blocked aliphatic diisocyanates since no blocking agent
1s released upon heating in the conversion to a com-
pound having reactive isocyanate groups. The produc-
tion of aliphatic diisocyanates from bis(cyclic ureas) is a
rng-opening reaction as shown below:
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-continued
R
OCN(CH)sNHCRCNH(CH>3)3NCO

where R is an organo group such as alkylene group
having up to about 5 carbon atoms or an aromatic group
all of which are known in the art.

The various polyhydroxy compounds that may be
employed in the manufacture of polyurethanes com-
prise polyether polyols or polyester polyols which are
known in the art. A few of these glycols comprise poly-
(ethylene glycol) (PEG); poly(propylene glycol)
(PPQG); poly(tetramethylene glycol) (PTMG) and the
like. These polyols may also be end capped with ester
groups to change their reaction rates with the isocya-
nate.

The reaction preferably is conducted with a catalyst
such as an amine and especially a tertiary amine or a tin
catalyst such as di-n-butyltin diacetate or mixtures of
amines with tin catalysts all of which are well known in
the art. Other catalysts based on cobalt, lead, manga-
nese, zinc and zirconium are employed generally as a
cocatalyst with amines and tin compounds. Various
mixtures of catalysts and cocatalysts can be used all of
which are known in the art.

In practicing the method of the present invention
with the foregoing polyisocyanates and polyols, mix-
tures of the polyisocyanate with the blocked polyisocy-
anate are prepared and then mixed with stoichiometric
amounts of a polyol that has a catalyst combined with it.
Again, bis(cyclic ureas) are the 1deally blocked diisocy-
anates employed in this regard. Once formed, the mix-
ture reacts substantially at room temperature and is
stressed after which heat is applied in order to initiate
the ring-opening reaction of the bis(cyclic urea) or to
remove the blocking agent from the blocked isocyanate
(e.g. caprolactam, acetone oxime or phenol as the case
may be). Preferably tensile stressing is applied to the
polymer and precursor composite and the urethane
forming reaction proceeds.

‘The ratios of the various polymer precursors can be
adjusted depending on the end properties which are to
be achieved and generally are utilized on an equimolar
basis =95% an equimolar basis *-about 509 and an
equimolar basis F=about 20% and especially an equimo-
lar basis *about 10% by which it 1s intended that
where two or more precursors are employed, they may
be utilized 1n equimolar ratios or any one precursor may
be present in an amount greater or lesser than the others
by about 95%, 50%, 20% or 109% on a molar basis.
Where the precursors are epoxy, urethane or similar
precursors used in the manufacture of a polymer from
two or more components that react with one another
the total amount of precursor to the other reactive com-
ponents will be a 1:1 molar basis *=about 10%.

As noted previously, in carrying out the method of
the present invention the axes of stress orientation ap-
plied where more than one application of stress is em-
ployed, can be in the same direction or at angles to any
other of the axes of orientation which may be effected
where there is a mixture of two or more precursors and
two or more polymerization steps.

Alternately, the multiphase structure comprising pol-
ymer molecules having different morphological states
can be made whereby the last precursor to be polymer-
1zed 1s not completely polymerized but 1s stress oriented
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prior to the last polymerization step. Two of these
structures e.g. films may then be laminated one to the
other so that the incompletely polymerized precursors
of each are available to react with each other and
thereby bond the two structures to one another by a
cross-linking reaction. The axes of stress orientation of
each individual structure or film may run in the same
direction or may be at an angle to one another such as
right angles to one another a 45° angle to one another

and the like. Naturally, more than two structures may

be laminated in this manner so that the laminate ulti-
mately obtained may have as many as 10-15 layers
prepared according to the process of the invention with
the axes of orientation running in as many directions or
2, 3 or 4 directions depending on the application for the
structure.

Alternately, where more than twWO precursors are
utilized in the method of the present invention for the
manufacture of a single structure such as a film, stress-
ing can be applied to the single structure as each precur-
sor i1s polymerized so that, by way of example where
four precursors are utilized the process will proceed
through four polymerizations and three applications of
stress, the axes of orientation of each application of
stress running in the same direction or at angles to one
another.

As noted previously, a novel product has been ob-
tained by the process of the present invention, the exact
structure of which has not been defined, it being be-
lieved that the resultant article is unique and cannot be
produced by any other method. The product produced
by the method of the invention thcreforc 1s a.lso consid-
ered to be novel and inventive.

‘The products produced by the method of the present
invention have many applications one of which is the
formation of films having high impact resistance espe-
cially films that employ a plurality of precursors and
during polymerization stress is applied to the composite
along substantially one axis of orientation and in the
successive polymerizations and applications of stress,
the stress 1s applied in substantially one axis of orienta-
tion that is at an angle to the other axes of orientation.

Films manufactured from PAA and PAETE both
based on PMDA-ODA have been demonstrated to
have a unique yielding behavior and therefore are
tougher than the chemically identical polyimide mate-
rial based on PMDA-ODA formed from one precursor.
This chemically identical material made according to
the method of the present invention has been shown to
be effective in a membrane for separating methane and
nitrogen. The film lets nitrogen gas through and hinders
the methane. With a stronger polyimide material the
membrane i1s manufactured in a thinner configuration
and is more permeable to the nitrogen gas, consequently
less power is needed to compress the methane/nitrogen
mixture before separation. Without being limited to any
theory, it is believed that the boundaries between the
phases of the polyimides produced according to the
method of the present invention have a higher concen-
tration free volume which allows for a higher through-
put of gas.

High strength fibers can also be produced from low
TCE (thermal coefficient of expansion) polyimides
morphological composites with at least one precursor
converted under stress and are ideal for printed circuit
board fabrication particularly if a polyimide resin 1is
-used in the manufacture of the circuit board although
such fibers can also be employed in circuit boards man-
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ufactured from epoxy resins, phenolic resins and the art
known equivalents thereof. Adhesion is improved and
no skin-core effect is expected.

The RIE and laser etch resistance of such a material
would be homogeneous since the chemical structure of
each phase is identical and thus domain size would not
limit line width. |

Low thermal coefficient of expansion (TCE) polyi-
mides are polyimides with a particularly stiff backbone
which is characterized by long persistence length and
usually leads to low TCE’s. Examples are BPDA-PDA
(TCE: 5 ppm/C; PDA is p-phenylene diamine),
PMDA-PDA (TCE: -5ppm/C), BPDA-PFMB (TCE:
in the order of 15 ppm/C; PFMB is 2,2'bis(trifluoro
methyl) biphenyl-4,4'-diamine f[or 2,2'bis(PerFluoro
Methyl) Biphenyl-4,4'diamine)].

Partial esters of the foregoing precursors of the low
TCE polyimide materials can be prepared in an art
known way and a mixture of the partially esterified
precursor and an unesterified precursor can be utilized
for producing the fibers. The method employed gener-
ally comprises the use of such precursors and the
method of the present invention for obtaining the mor-
phological composites described herein but in a fiber
forming process. Typical polyimide fibers may be pro-
duced in this regard by employing the process of Bell et
al., J. Poly. Sci., 14, 2275 (1976). Polyimide fibers thus
prepared can be substituted for KEVLAR (Trademark)
with reinforcement for Clark Boards and thereby the
problem of mechanical failure such as delamination of
the epoxy resin from the KEVIL AR fibers can be
avoided, the latter being due to the skin and core of
KEVLAR fibers not being well attached.

Although the invention has been described by refer-
ence to some embodiments, it is not intended that the
novel method and the product produced by this method
be limited thereby but that modifications thereof are
intended to be included as falling within the true spint
and scope of the foregoing disclosure and the following
claims.

Having thus described our invention, what we claim
as new, and desire to secure by Letters Patent is:

1. A method of preparing a polymer composite com-
prising an integral structure having a continuous phase
and at least one discontinuous phase, said discontinuous
phase being constituted by a multiplicity of separated
domains, said continuous phase and said discontinuous
phase each consisting essentially of polymeric material
of the same chemical constitution, said continuous and
discontinuous phases exhibiting a different morphologi-
cal characteristic, said method comprising:

(a) forming a mixture of reactant precursors to said -
polymeric material, at least one of said precursors
having a reaction rate higher than the other precur-
sor or precursors in said mixture;

(b) reacting said precursor having the highest reac-
tion rate under conditions effective to obtain a
composite comprising & continuous-polymer phase
and a discontinuous phase of unreacted precursors;

(c) simultaneously or sequentially applying compres-
sive or tensile stress to said composite effective to
improve the ultimate tensile strength of said com-
posite; and

(d) simultaneously or subsequently to application of
said stress to said composite, reacting said unre-
acted precursors in said discontinuous phase under
conditions effective to convert said precursors to
polymeric material.
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2. The method of claim 1 where said stress comprises

tensile stress applied along substantially one axis of
orientation.

3. The method of clmm 1 where said stress comprises

tensile stress applied along substantially one axis of 5

orientation.

4. The method of claim 1 where said stress comprises
tensile stress applied along substantially one axis of
orientation as to each precursor that is reacted and
further, the axis of orientation of each sequential appli-
cation of stress is at an angle to the other axes of orienta-
tion.

3. The method of claim 3 where the axes of orienta-
tion are substantially planar.

6. The method of claim 4 where the axes of orienta-
tion are substantially planar.

7. The method of claim 6 where said stress is applied
to provide a biaxially-oriented, multiphase structure
wherein each phase of polymeric material exhibits a
different morphological characteristic.

8. The method of claim 4 wherein said multiphase
structure is a film. |

9. The method of claim 1 wherein said polymer is a
polyimide, phenolic resin, epoxy resin, polyurethane or
a semi-Crystalline polystyrene.

10. The method of claim 9 wherein part of said poly-
imide precursor is a step-reaction polymer precursor
partially esterified with a monofunctional organic hy-
droxy compound to obtain a precursor having a reac-
tion rate different from said other precursor or precur-
SOTS.

11. The method of claim 10 wherein the ratio of said
precursors to one another is on a 1:1 molar basis =+
about 95%. .

12. The method of claim 1 wherein said precursor is
a polyimide precursor.

13. The method of claim 12 wherein said precursor is
a polyamic acid ester of polyamic acid and a low molec-
ular weight monofunctional organic hydroxy com-
pound or (b) a polyamic acid salt of polyamic acid and
a low molecular weight amine to obtain a precursor
having a reaction rate different from said other precur-
SOr OI Precursors.

14. The method of claim 2 wherein said polymer
precursor is a polyamic acid ester of polyamic acid and
a8 low molecular weight monofunctional organic hy-
droxy compound or (b) a polyamic acid salt of polyamic
acid and a low molecular weight amine to obtain a
precursor having a reaction rate different from said
other precursor or precursors.

15. The method of claim 3 wherein said polymer
precursor 1s a polyamic acid ester of polyamic acid and
a low molecular weight monofunctional organic hy-
droxy compound or (b) a polyamic acid salt of polyamic
acid and a low molecular weight amine to obtain a
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precursor having a reaction rate different from said
other precursor or precursors.

16. The method of claim 4 wherein said polymer
precursor 1is a polyamic acid ester of polyamic acid and
a low molecular weight monofunctional organic hy-
droxy compound or (b) a polyamic acid slat of polyamic
acid and a low molecular weight amine to obtain a
precursor having a reaction rate different from said
other precursor or precursors.

17. The method of claim 5 wherein said polymer
precursor 1S a polyamic acid ester of polyamic acid and
a low molecular weight monofunctional organic hy-
droxy compound or (b) a polyamic acid slat of polyamic
acid and a low molecular weight amine to obtain a
precursor having a reaction rate different from said
other precursor or precursors.

18. The method of claim 17 wherein said multiphase
structure having different morphological characteris-
tics comprises a film.

19. The method of claim 17 wherein said multiphase
structure having different morphological characteris-
tics comprises a fiber.

20. A product produced by the method of claim 1.

21. A polymer composite comprising an integral
structure having a continuous phase and at least one
discontinuous phase, said discontinuous phase being
constituted phase and said discontinuous phase each
consisting essentially of polymeric material of substan-
tially the same chemical constitution, said continuous
and discontinuous phases exhibiting a different crystal-
limity characteristic.

22. The polymer composite of claim 21 where said
polymeric material is a polyimide.

23. The polymer composite of claim 21 where said
polymeric material is a phenolic polymer.

24. The polymer composite of claim 21 where said
polymeric material is an epoxy polymer.

25. The polymer composite of claim 21 where said
polymeric material is a polyurethane.

26. The polymer composite of claim 21 where said
polymeric material is a semi-crystalline polystyrene. .

27. The composite of claim 21, oriented in at least one
dimension.

28. The polymer composite of claim 27 wherein each
phase has the same degree of crystallinity but different
morphology.

29. A film formed of the composite of claim 27.

30. A laminate of two or more of the composites of
claim 21.

31. A gas separation membrane comprising the com-
posite of claim 29.

32. The composite of claim 21 in the form of an ori-
ented fiber constituted from a low thermal coefficient of
expansion polyimide.

33. A printed circuit board comprising the composite

of claim 32.
*x % * | x
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